Abstract. Chagas disease, caused by the protozoan parasite Trypanosoma cruzi, is a major cause of morbidity and mortality in Central and South America. Geographic variations in the sensitivity of serologic diagnostic assays to T. cruzi may reflect differences in T. cruzi exposure. We measured parasite-specific T-cell responses among seropositive individuals in two populations from South America with widely varying antibody titers against T. cruzi. Antibody titers among seropositive individuals were significantly lower in Arequipa, Peru compared with Santa Cruz, Bolivia. Similarly, the proportion of seropositive individuals with positive T-cell responses was lower in Peru than Bolivia, resulting in overall lower frequencies of interferon-γ (IFNγ)-secreting cells from Peruvian samples. However, the magnitude of the IFNγ response was similar among the IFNγ responders in both locations. These data indicate that immunological discrepancies based on geographic region are reflected in T-cell responses as well as antibody responses.
INTRODUCTION
The protozoan parasite Trypanosoma cruzi infects between 8 and 11 million people and causes human Chagas disease, which is endemic to most countries of Central and South America. 1 Chagas disease is strongly associated with poverty and substandard housing, which facilitates close interaction of the triatomine vector and the human host. Infection is lifelong. Although the majority of infected individuals remains asymptomatic, 20-30% of infected persons develop cardiomyopathy and/or gastrointestinal megasyndrome. Despite the fact that parasites persist for the life of the host, the low numbers of circulating parasites during chronic infection have, to date, rendered parasitologic diagnosis ineffective, although polymerase chain reaction (PCR) methods for detecting parasites are improving and becoming standardized. 2 Currently, diagnosis relies on serological detection of anti-T. cruzi antibodies using conventional serological tests, such as enzyme-linked immunoassays (ELISAs), immunofluorescence assays (IFAs), and Western blotting. These tests detect antibodies against whole-parasite lysates, trypomastigote-excreted/ secreted antigens (TESAs), or recombinant proteins. The World Health Organization recommends positive results from two distinct serological assays to confirm a diagnosis of T. cruzi infection. 1 No single serological test for Chagas disease has sufficient sensitivity and specificity to be used alone; a confirmed diagnosis relies on concordant results on at least two tests using different antigens and/or formats. 3 There is evidence that the sensitivity of serological assays may differ depending on the geographic source of the specimens. Two different rapid diagnostic tests showed sensitivities of 87.5% and 90% in specimens from Bolivia compared with 30% and 54% in specimens from Peru. 4 The specimens used for the rapid test evaluation were triply concordant by commercial ELISA, IFA, and radioimmunoprecipitation assay (RIPA) and therefore, may represent an overestimate of sensitivity of the evaluated tests. 3 Lower sensitivity has also been observed for some assays in specimens from Panama 5, 6 and Mexico. 7 These differences may be caused by variations in the T. cruzi strains inhabiting these different geographic ranges, because antigenic variation between strains or infectivity of the strains may alter the quality or quantity of the antibody response, leading to differential sensitivities to serodiagnostic tests.
In the comparison of rapid tests, specimens from either country that had false negative results had significantly lower antibody titers than those specimens with true positive results, and the distribution of antibody titers for specimens from Peru was significantly lower than the distribution for specimens from Bolivia, providing an explanation for the high rate of false negative results in Peru. Differences in sensitivity to T. cruzi serological assays by specimens from individuals living in different geographic regions likely represent a weaker adaptive immune response to the parasite. We hypothesize that the weaker adaptive immune responses in individuals with low antibody titers will be reflected in T-cell responses as well. In this study, we examined T-cell responses in individuals from Peru and Bolivia to test this hypothesis. Measuring interferon-γ (IFNγ) release from antigen-stimulated peripheral blood mononuclear cells (PBMCs), we observed that a lower proportion of seropositive individuals in Peru had cellular recall responses than individuals in Bolivia, but among IFNγ+ individuals, the frequency of antigen-responsive cells was similar.
MATERIALS AND METHODS
Ethics statement. Peruvian specimens were collected during four different studies, all with protocols approved by the Institutional Review Boards of Johns Hopkins University and Asociacion Benefica PRISMA. All Bolivian specimens were collected during a study with the protocol approved by the Institutional Review Boards of Johns Hopkins University and Hospital Universitario Japones. All participants provided written informed consent before specimen collection. In the case of children, informed consent was provided by the parent or guardian. Study participants. Peruvian specimens were collected from participants in four studies of Chagas disease conducted in or near Arequipa: 68 participants in a community study in La Joya, 8, 9 17 participants in a study of urban screening in the city, 10 14 participants in a community study in a periurban site, 11 and 6 participants in a study of heart disease in an urban hospital (Kaplinski M, unpublished data). Six additional specimens were collected from healthy Peruvian volunteers. In Bolivia, specimen collection was performed as part of a study of the use of pupillometry to assess autonomic function in patients with Chagas disease (Halperin A, unpublished data). Table 1 shows participant demographic data. All samples for this study were collected between September of 2009 and September of 2010. Serum, plasma, and PBMC samples were all collected at the same time.
Parasites and parasite antigens. T. cruzi trypomastigotes from five strains were cultured in Vero (green monkey kidney epithelial) cells in 162-cm 2 tissue culture-treated flasks in a 37 C CO 2 incubator. The strains used were Brazil (laboratory strain), Tc23 and Tc21 (isolated from the Arequipa/LaJoya region during the study), and DH29 and Viera Roq (Bolivian strains). Trypomastigotes were harvested from the culture supernatants and lysed by five to eight rounds of freezing and thawing. Cell debris was pelleted by centrifugation at 12,000 rpm in a microcentrifuge, and the supernatants were passed through a 0.22-μm filter. Protein levels were determined using a BCA assay (Pierce, Rockford, IL).
Serologic diagnosis. One aliquot of each serum specimen was frozen without additives and shipped from the collection site in Santa Cruz or Arequipa to the Infectious Disease Laboratory (LID) at the Universidad Peruana Cayetano Heredia in Lima, Peru. An in-house IFA using standard methods and two commercially available ELISAs (Chagatek ELISA; bioMé rieux, Marcy l'Etoile, France [based on epimastigote lysate antigen]; Chagatest Recombinante ELISA [recombinant proteins] and Wiener ELISA; Wiener Laboratories, Rosario, Argentina) were performed on all specimens. Using the manufacturer's instructions for the Chagatek plates, the cutoff was set at 0.100 optical density (OD) units above the mean absorbance of the two negative control specimens included on each plate. Absorbance (ABS) was defined as OD -cutoff. Any sample with a positive ABS value (ABS 0) was defined as seropositive. For the Wiener plates, the cutoff was set at 0.300 OD units above the mean absorbance of three negative control specimens; specimens with OD values within the range of the cutoff ± 10% were considered inconclusive and rerun. If the OD still fell in this range, the final result was considered inconclusive. TESA in-house tests were also run on each sample. Specimens positive or negative by all three conventional serologic tests were considered to have confirmed results. Peruvian samples were also tested with an in-house ELISA using a locally isolated parasite strain. Briefly, the ELISA was performed in Immunolon 1B plates (Thermo Fisher Scientific, Pittsburgh, PA) coated for 18 hours with 1.5 μg/mL parasite antigen in bicarbonate buffer; then, serum was added at a 1/200 dilution followed by the conjugate 1/10,000 (goat anti-human immunoglobulin G (IgG); KPL, Gaithersburg, MD). The cutoff was calculated with the mean of negative control + 3 SDs (Arequipa epimastigote antigen ELISA [EAE]; LID, Lima, Peru).
PBMC isolation. Blood was collected into one 8-mL cell preparation tube (CPT; BD, Franklin Lakes, NJ) containing sodium citrate, Ficoll, and a polyester plasma separator gel. Tubes were centrifuged 20 minutes, and PBMCs were removed from the Ficoll Buffy coat and washed two times in phosphate-buffered saline (PBS) containing 5% fetal bovine serum (FBS; Fisher Scientific, Pittsburgh, PA). PBMCs were cryopreserved in FBS containing 10% dimethyl sulfoxide (DMSO; Sigma Aldrich, St. Louis, MO) and shipped on LN 2 to Centers for Disease Control and Prevention in Atlanta, GA for storage frozen in LN 2 until analysis. Plasma was aliquoted to cryogenic vials and frozen at −20 C.
Cell stimulation and ELISPOT. PBMCs were thawed, and viability was assessed by trypan blue exclusion. Only samples with a cell viability of 70% were examined by ELISPOT assay. Because of the variability in the numbers of cells obtained from each individual, the hierarchy of Tc21 DH29 Brazil Tc23 Viera Roq was chosen for the study to obtain responses from strains representing the different geographic regions as well as the Brazil strain, which has been previously used for in vitro stimulation of T-cell responses.
For assessment of T-cell responses to T. cruzi antigens, 4 + 10 5 PBMCs were stimulated with 25 μg/mL T. cruzi amastigote/trypomastigotes lysate for 16-20 hours in a 5% CO 2 atmosphere at 37 C on ELISPOT plates (BD) coated with capture antibody for IFNγ. 12 After washing off the cells, bound IFNγ was detected with a secondary biotinylated antihuman IFNγ antibody, which in turn, bound streptavidin conjugated to horseradish peroxidase (HRP). Colorimetric changes after the addition of HRP substrate and a chromogenic reagent will detect the presence of bound IFNγ secreted on antigenic stimulation, and the frequency of cytokinesecreting cells was determined using an ELISPOT plate reader (CTL Technologies, Cleveland, OH) and expressed as spot-forming units (SFUs).
Statistical analyses: normalization of IFNg ELISPOT data. Raw SFU data were log-transformed. Given differences in background ELISPOT responses in Bolivian versus Peruvian specimens, ELISPOT responses of a given specimen after stimulation with T. cruzi antigens were normalized to that specimen's paired media-only control. Fold change in ELISPOT response was then calculated using the formula [log (SFU T. cruzi ) -log(SFU media ) = fold change in ELISPOT response]. Individuals were further categorized as ELISPOT responders versus non-responders. Using ELISPOT response data from 30 healthy North American controls with no evidence of T. cruzi exposure, a cutoff of SFUs 30 among media-only stimulated cells and a twofold increase in response after T. cruzi stimulation were used. Participant demographics, T. cruzi serologic responses by Chagatek, and ELISPOT responses were compared by geographical region using the Wilcoxin rank sum test and c 2 test for continuous and categorical factors, respectively. Among specimens from Peru, differences in ELISPOT response by T. cruzi antigen were compared using the Kruskal-Wallis test and Wilcoxin rank sum test for assessment of ELISPOT response as continuous or categorical, respectively. The relationships of fold change in ELISPOT responses and T. cruzi antibody responses were compared by geographical region using Spearman's rank correlation and linear regression analysis adjusting for age. All analyses were performed using STATA 11 (College Station, TX). A P value 0.05 is considered statistically significant.
RESULTS
Study demographics and T. cruzi serology by geographic region. In total, 76 individuals from Arequipa, Peru and 112 individuals from Santa Cruz, Bolivia (referred to by their country of origin) were included in the current study. Individuals from Bolivia were more likely to be older than individuals from Peru (P 0.01) ( Table 1 ). Serum samples obtained by venipuncture after informed consent were assayed for T. cruzispecific antibodies. Analysis was focused on comparisons of absorbance values among chronically infected seropositives between the two countries rather than the percent of people who were seropositive. As in previous evaluations, the distribution in absorbance values by Chagatek ELISA was significantly lower in specimens from Peru than Bolivia (0.194 versus 1.14; P 0.01) (Figure 1) .
Comparison of parasite-specific T-cell responses between Bolivia and Peru. T. cruzi antigen-induced IFNγ responses were compared between specimens from Peru and Bolivia to determine if differences in antibody titers were reflected in T-cell responses. Among seropositives, median SFUs of parasite-stimulated IFNγ production were higher in individuals from Bolivia (median = 131.5, interquartile range = 41.0-328.5) compared with Peru (median = 40.0, interquartile range = 6.0-183.7; P 0.01) (Figure 2A) . Furthermore, response rates were higher for PBMC specimens from seropositive individuals from Bolivia than Peru (92.1% versus 66.7%; P 0.01). When the analysis was restricted to those individuals seropositive by Chagatek assay who were defined as ELISPOT responders, the median number of SFUs was similar among specimens from Peru compared with Bolivia (P = 0.20) (Figure 2B ). There were a few samples from Chagatek-seronegative individuals from each country that were IFNγ-positive (2 of 31 from Peru and 3 of 23 from Bolivia; data not shown), but these numbers did not differ by region. Additionally, two individuals from Peru with samples that tested Chagatek-negative but T cell-positive later tested positive by Wiener ELISA, Arequipa EAE, and the TESA blot (data not shown).
IFNg production among specimens from Peru by T. cruzi strain. Cellular responses in Peruvian individuals to antigen obtained from parasites from Peru and Bolivia were examined. No statistically significant differences were observed in ELISPOT responses by T. cruzi strain (Figure 3) . The percentage of patients responding to each T. cruzi strain ranged from 40% to 59.6% (Table 2) . Among the samples from seropositive individuals producing IFNγ recall responses, over 80% responded to three or more of the parasite strains, and among these ELISPOT responders, similar frequencies of IFNγ-producing cells were observed ( Table 2) . In three samples, only one of five strains tested stimulated an IFNγ response, but in each case, the positive response fell just above the cutoff (SFU = 34, 36, and 37), indicating low frequencies of IFNγ-producing cells in those individuals. Two of 30 seronegative individuals produced IFNγ in response to antigen stimulation with three different strains ( Table 2) .
Relationship between serologic and T-cell responses in Peru versus Bolivia. To better understand and compare the relationship of T-cell and serologic responses in individuals from Peru versus Bolivia, serologic absorbance (ABS) and fold change in ELISPOT response were plotted separately by T. cruzi serostatus. Among Bolivian specimens, there was a clear distinction in ELISPOT response by serostatus, with little to no overlap between groups (Figure 4) . Conversely, among those individuals from Peru, there was a failure to cluster among seropositive and ELISPOT-positive responses (Figure 4) . Linear regression analysis confirmed these observations. Changes in ELISPOT responses among those individuals from Bolivia were associated with significant changes in serologic responses (P 0.01). Conversely, no such association was observed among specimens from Peru (P = 0.17). Similar patterns were observed among Peruvian samples when ELISPOT responses were compared with results from the Weiner ELISA or Arequipa EAE (data not shown).
Sera from the Peruvian participants were further assayed for antibodies against T. cruzi using the commercial Weiner ELISA, an in-house ELISA using a T. cruzi isolate from Arequipa (Arequipa EAE), and TESA blot. When taken together with TESA blot analysis, there is a strong correlation between the frequency of T. cruzi-specific T cells and the number of positive serological tests ( Figure 5 ).
DISCUSSION
Chagas disease presents as a spectrum of disorders, including an indeterminate lifelong infection with no clinical manifestations, varying degrees of cardiomyopathy, and gastrointestinal megasyndromes. The lack of a gold standard for T. cruzi diagnosis is a continuing problem. Serodiagnosis is the primary method for T. cruzi diagnostics, with the World Health Organization standard being a positive result on at least two different serologic assays. Efforts continue to develop alternative tests because of the difficulties associated with Chagas serology. Reports of false negatives by serological diagnostics as assessed by PCR positivity 13 -15 and cellular responses 16 have surfaced but are rare, possibly because of the fact that seronegative samples are not uniformly tested for other measures of infection. Additionally, geographic differences in antibody titers, assay sensitivity, and assay positive predictive value for T. cruzi serological assays have been previously reported. 4, 7, 17 Bolivia has the highest rates of T. cruzi infection and chagasic cardiomyopathy in the world, whereas Peru has much lower rates of infection. 18, 19 Direct comparison of antibody titers shows discrepancies between Peru and Bolivia, with specimens from seropositive individuals in Bolivia having significantly higher absorbance values than seropositive individuals in Peru. We sought to determine whether the differences in serotiters between individuals residing in Peru and Bolivia reflected an overall lower adaptive immune response in Peruvian patients that might be linked to local parasite strains.
The observed regional variation in antibody responses was reflected somewhat, although not completely, in T-cell responses. Among seropositive individuals, IFNγ responses from parasite-stimulated PBMCs were observed in 85.2% of Bolivian individuals, but only 58.8% of Peruvians. However, among Peruvian samples in which IFNγ responses are detected, the magnitude of the response is equivalent to the magnitude seen in Bolivian samples, showing that there is not a complete dampening of the immune response to T. cruzi in Peruvian individuals. Stimulation of PBMCs with T. cruzi strains from different geographical locations did not show any differences in IFNγ secretion, and PBMCs from Bolivian individuals responded as well to the Peruvian Tc21 strain as the laboratory strain Brazil (data not shown). These similarities in IFNγ induction by the various strains suggest that the different parasite populations exhibit significant shared or cross-reactive epitopes. In experimental models of T. cruzi infection, CD8+ T-cell responses vary in both magnitude and kinetics depending on the infecting strain, although the differences are more pronounced in acute infection than chronic infection. 20 It is also possible that genetic differences in the study populations may account for the differences in the immune responses observed; these differences will need to be examined in future studies of geographic differences in immune responses to T. cruzi.
The lack of a 1:1 correlation between T-cell and antibody responses in T. cruzi-infected individuals has been previously reported. 21 The absence of detectable T-cell responses in infected individuals may result from a failure to mount a T-cell response or a failure to maintain that response. The lack of initiation of a T-cell response to T. cruzi infection may result from a low infective dose of parasites or deficient signaling through Toll-like receptors during the early stages of infection. 22, 23 Deletion of the antigen-specific T-cell responses during chronic infection is well-documented but normally associated with high pathogen loads, 24, 25 making it less likely that T. cruzi-reactive T cells are deleted in these individuals who almost invariably have very low parasite loads in chronic infection. Experimental models of T. cruzi infection also show maintenance of anti-T. cruzi T-cell responses during chronic infection. 20, 26 The relatively high proportion of seropositive individuals with undetectable T-cell responses complicates efforts to use T-cell responses as possible diagnostics or test-of-cure assays. 21 Some specimens from Chagatek-negative participants mounted T-cell responses (6.5% from Peru and 13% from Bolivia), although the two samples from Peru that tested seronegative by Chagatek but had positive T-cell reactivity later tested positive by the Wiener ELISA, Arequipa EAE, and TESA blot. T. cruzi-specific T-cell responses from seronegative individuals have previously been reported, 16 although at a higher frequencies (35% of seronegatives in that study) than observed in our study. T-cell responses detected in the absence of antibody responses are seen in other infections as well, notably hepatitis C virus (HCV), [27] [28] [29] herpes simplex virus (HSV), 30 and human immunodeficiency virus (HIV) 31 infections. In one study, 55% of seronegative intravenous drug users had T-cell responses to HCV antigens. 27 The lack of antibody responses in individuals with T-cell responses may be because of a failure to seroconvert after rapid clearance of acute infection, seroreversion, or maintenance of T-cell responses by low-level antigen stimulation of T-cell responses without the generation of parasitemia or antibody responses. 29 One limitation of this study is the difference in the patient populations in Peru and Bolivia. In Peru, patients were recruited from several ongoing community studies in Arequipa, where there is ongoing transmission. Because of the low prevalence of T. cruzi infection observed in these studies, we specifically recruited individuals who had previously tested positive for T. cruzi infection. Therefore, we were unable to specifically compare overall T. cruzi seroprevalence in Peru and Bolivian populations for this study. The Bolivian specimens came from a hospital-based cardiology study in Santa Cruz, in which patients were almost certainly infected many years before enrollment. There is currently no evidence for ongoing transmission of T. cruzi in Santa Cruz. It is, therefore, unlikely that higher antibody or T-cell responses in Bolivian samples are because of repeated exposure of immune cells to parasites from infected vectors.
T. cruzi exhibits a high degree of genetic heterogeneity that may result in quantitatively lower immune responses based on differences in antigen expression levels or patterns. 20 No parasites were isolated or typed from the study participants, and currently, no definitive evidence exists to point at parasite differences in these two regions; however, other studies have shown preferential isolation of specific parasite types in individuals living in different geographic regions. [32] [33] [34] In this study, the source of the antigen used for T-cell stimulation or antibody detection had little effect on the outcomes of that assay (i.e., sera and PBMCs from individuals from Arequipa did not respond more robustly to antigen from parasites isolated from Arequipa than other areas). This finding suggests that geographic differences in seroreactivity to diagnostic tests reflect physiological differences in antibody levels and T-cell responses that are quantitative and not qualitative. This finding is in contrast to previous data suggesting that diagnostic sensitivity can be increased by testing specimens against locally derived antigen. 35 Enough cross-reactivity presumably exists between antigens found in different diagnostic tests and the various infecting strains to have only a limited effect on the quality of the assay. Interestingly, because Peruvian serum samples test positive against additional diagnostic assays, the correlation with positive ELISPOT responses increases, which is seen in Figure 5 , whereas there is a tight correlation with a single positive test in the Bolivian samples. This result may indicate that there is a difference in the generation or maintenance in the immune response to T. cruzi in the participants from this Peruvian region, again indicating a quantitative but not qualitative difference in the immune response.
This study, therefore, suggests that individuals in Peru generate lower-magnitude immune responses or maintain them at a lower level than individuals in Bolivia. Additional examination of parasite populations in these regions is needed to understand the differences in the immune responses in these regions. Because of the quantitative difference in T. cruzi-specific immune responses seen in these different regions, validation of new diagnostic and screening tests for Chagas disease should include specimens from all countries endemic for T. cruzi to ensure that tests capture low-titer antibody responses.
